Introduction
============

Osteosarcomas are malignant tumors arising from mesenchymal cells ([@b1-mmr-14-01-0057]). They are the second most common primary bone malignancy, after multiple myeloma, and represent 15% of all bone tumors ([@b1-mmr-14-01-0057]). Men are more commonly afflicted than women (ratio, 1.5:1) and 75% of patients are aged 15--25 years ([@b1-mmr-14-01-0057]). Risk factors include retinoblastoma, ionizing radiation and germline p53 mutations ([@b1-mmr-14-01-0057]). Treatment strategies include combinations of surgery, chemotherapy and radiation; with chemotherapy increasing the 2- and 25-year survival rates ([@b1-mmr-14-01-0057]--[@b3-mmr-14-01-0057]). Osteosarcomas predominantly metastasize to the lungs, liver and brain ([@b1-mmr-14-01-0057]), and overall survival is \~56% at 5 years and \~52% at 10 years ([@b4-mmr-14-01-0057]). Angiogenesis is important in the progression of malignant tumors, evolution and metastasis ([@b5-mmr-14-01-0057],[@b6-mmr-14-01-0057]). Endothelial progenitor cells (EPCs) are pluripotent stem cells that have the potential to differentiate into mature endothelial cells ([@b7-mmr-14-01-0057]). They possess a strong capacity for multiplication and colony formation ([@b7-mmr-14-01-0057]). EPCs are present in the bone marrow and in the peripheral blood (derived from the bone marrow) ([@b8-mmr-14-01-0057]). Peripheral blood EPCs are important in active revascularization by differentiating into mature endothelial cells to form new blood vessels ([@b9-mmr-14-01-0057],[@b10-mmr-14-01-0057]). Mukai *et al* ([@b11-mmr-14-01-0057]) used an *in vivo* 3D model using Matrigel to demonstrate that EPCs form tubular structures. In addition, previous studies have indicated that osteosarcoma cells have the potential to enhance angiogenesis ([@b12-mmr-14-01-0057]--[@b14-mmr-14-01-0057]).

Previous studies have demonstrated that the stromal cell-derived factor-1α (SDF-1α) and its receptor, C-X-C chemokine receptor type 4 (CXCR4) are important in stem cell homing and tumor metastasis ([@b15-mmr-14-01-0057],[@b16-mmr-14-01-0057]). The SDF-1α/CXCR4 signal transduction pathway is also important in tumor angiogenesis ([@b17-mmr-14-01-0057],[@b18-mmr-14-01-0057]). SDF-1α is expressed in hypoxic tissues, such as tumors and damaged tissues, and is the primary chemokine that mobilizes pro-angiogenic cells ([@b19-mmr-14-01-0057]). CXCR4 is expressed on EPCs, where it mediates the specific homing of EPCs to hypoxic tissues to initiate angiogenesis ([@b19-mmr-14-01-0057]).

Melittin is the main compound found in bee venom ([@b20-mmr-14-01-0057]). Modern pharmacology studies have observed that melittin exerts various antitumor effects by inhibiting tumor cell growth ([@b21-mmr-14-01-0057],[@b22-mmr-14-01-0057]), promoting tumor cell apoptosis ([@b23-mmr-14-01-0057]--[@b25-mmr-14-01-0057]), and inhibiting tumor angiogenesis ([@b26-mmr-14-01-0057]) and migration ([@b27-mmr-14-01-0057],[@b28-mmr-14-01-0057]). However, the effect of melittin on EPCs remains unknown.

Therefore, the aim of the present study was to examine the effects of melittin on EPCs and on osteosarcoma-induced angiogenesis, and to investigate the underlying mechanisms of these effects. The current study hypothesized that melittin exerts its effects by modulating SDF-1α/CXCR4 signaling.

Materials and methods
=====================

Animals
-------

Male BALB/c nu/nu nude mice (n=24), aged 4--6 weeks and weighing 18--20 g, were bought from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Mice were housed in separate cages at the Animal Experiment Centre of the First Affiliated Hospital of Guangxi University of Traditional Chinese Medicine (Guangxi, China) in a specific pathogen-free environment and were maintained under a 12-h light/dark cycle, with access to food and water *ad libitum*. Mice were acclimatized to their environment for one week prior to experiments. All procedures and animal experiments were approved by the Animal Care and Use Committee of the First Affiliated Hospital of Guangxi University of Traditional Chinese Medicine.

Cell culture
------------

The UMR-106 rat osteoblastic osteosarcoma cell line was obtained from the Institute of Orthopedics of the Fourth Military Medical University (Xi\'an, China). UMR-106 cells were cultured in Gibco Dulbecco\'s modified Eagle\'s medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with Gibco 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmosphere of 5% CO~2~.

Isolation, culture and identification of EPCs
---------------------------------------------

EPCs were obtained using previously described methods ([@b29-mmr-14-01-0057],[@b30-mmr-14-01-0057]). The femur and tibia were removed under sterile conditions. Metaphyseal bone forceps were used to remove the bone ends to expose the medullary cavity. M199 medium (Gibco; Thermo Fisher Scientific, Inc.) was injected from one end of the bone, and the bone marrow washing out was collected on the other end. Mononuclear cells were isolated by density gradient centrifugation. Following two washes with phosphate-buffered saline (PBS; Labest Biotechnology Co., Ltd., Beijing, China), mononuclear cells were suspended in M199 medium with 10% FBS, 10 ng/ml vascular endothelial growth factor (Prospec-Tany TechnoGene Ltd., East Brunswick, NJ, USA) and 10 ng/ml basic fibroblast growth factor (Prospec-Tany TechnoGene Ltd.). Mononuclear cells were inoculated in Petri dishes pre-coated with rat fibronectin (RFN; Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C in a 5% CO~2~ atmosphere. The medium was replaced after 4 days, and subsequently every 3 days. Cells at passage 3 were stained with rabbit anti-rat cluster of differentiation (CD)34 (Abcam, Cambridge, MA, USA), rabbit anti-rat CD133 (Abcam), fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin (Ig)G (Yingrun Biotechnology Co., Ltd., Changsha, China) and Cy3-conjugated goat anti-rabbit IgG (Yingrun Biotechnology Co., Ltd.). The double-positive expression of CD34 and CD133, indicating EPCs ([@b31-mmr-14-01-0057],[@b32-mmr-14-01-0057]), was observed using a BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan). Non-specific anti-rat antibodies served as an isotype control.

Effect of melittin on cell viability
------------------------------------

UMR-106 cells and EPCs (1,000 cells/well) were plated in 96-well plates for 24 h. Blank control wells contained medium without cells. Following 24 h, the culture medium was replaced with DMEM containing 5% FBS to synchronize the cells for 6 h. The cells were treated with various concentrations (0, 1, 2, 4, 8 and 16 *µ*g/ml dissolved in 0.9% saline) of melittin (\>98% purity; Sigma-Aldrich) for 48 h. MTT (10 *µ*l; 5 mg/ml; Ameresco, Inc., Framingham, MA, USA) was added and the incubation continued for 4 h. The medium containing MTT was discarded, 200 *µ*l dimethyl sulfoxide (Haoran Biotechnology Co., Ltd., Shanghai, China) was added and the plates were agitated for 10 min. A Model 500 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to measure the optical density (OD) at a wavelength of 490 nm. The percentage of cell viability was calculated according to the following formula: Cell viability (%) = (average OD of the experimental group)/(average OD of the control group) × 100, where average is the optical density obtained from three independent experiments performed in triplicate.

Adhesion of EPCs
----------------

EPCs (1×10^5^ cells/well) were plated in 12-well RFN-coated plates. EPCs were divided into four groups: Control (untreated); 10 ng/ml SDF-1α (Prospec-Tany TechnoGene Ltd.); 1 *µ*g/ml melittin + 10 ng/ml SDF-1α; and 3 *µ*g/ml melittin + 10 ng/ml SDF-1α. At these concentrations melittin was determined to have low toxicity in preliminary experiments. Following 2 h, the culture medium was discarded, the EPCs were washed twice with PBS, and fixed with 95% alcohol for 30 min. Cells were washed twice with PBS, stained with 0.1% crystal violet (200 *µ*l; Haoran Biotechnology Co., Ltd.) for 15 min and washed twice with PBS. The plates were dried and observed using the IX70 inverted optical microscope (Olympus Corporation). Images of five randomly selected fields were captured (magnification, ×100). Adherent EPCs were counted by two independent observers who were blinded to the experimental conditions.

Migration of EPCs
-----------------

The migration ability of EPCs was assessed using 24-well Transwell plates (pore size, 8 *µ*m; Corning Incorporated, Corning, NY, USA). M199 medium containing 2% FBS (control) and the treatments (10 ng/ml SDF-1α; 1 *µ*g/ml melittin + 10 ng/ml SDF-1α; and 3 *µ*g/ml melittin + 10 ng/ml SDF-1α) was placed in the lower chamber and served as a chemoattractant. M199 culture medium (200 *µ*l) containing 1×10^5^ EPCs was placed in the upper chamber. Following 6 h, the cells on the upper surface of the filter were removed by gently wiping with a cotton swab. The cells that had migrated were fixed with 95% alcohol for 30 min and stained with 0.1% crystal violet. Migrated cells were visualized using the inverted optical microscope. Images of five randomly selected fields were captured (magnification, ×100) and the number of migrated cells was counted by two independent observers blinded to the experimental conditions.

Tube formation assay
--------------------

Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was added to 48-well plates to a total volume of 120 *µ*l/well. Wells were divided into four groups: Control (untreated); 10 ng/ml SDF-1α, 1 *µ*g/ml melittin + 10 ng/ml SDF-1α; and 3 *µ*g/ml melittin + 10 ng/ml SDF-1α. Gel was allowed to polymerize for 30 min at 37°C and EPCs (5×10^4^ cells/well) were inoculated on the Matrigel. Following 23 h of incubation, at 37°C in 5% CO~2~, the area covered by the tube network was determined using the inverted optical microscope (magnification, ×100).

Western blot analysis of CXCR4, SDF-1α, phosphorylated (p)-AKT, AKT, p-ERK1/2, ERK1/2 in UMR-106 cells and EPCs
---------------------------------------------------------------------------------------------------------------

Cells were lysed using a total protein lysis buffer (Shanghai Pufei Biotech Co., Ltd., Shanghai, China) and centrifuged at 8000 × g for 15 min at 4°C. Protein concentrations were determined using a BCA kit (Shanghai Pufei Biotech Co., Ltd.). Equal quantities of proteins were isolated by 8% SDS-PAGE (run at 110 Volts for 90 min) and transferred onto nitrocellulose membranes (Invitrogen; Thermo Fisher Scientific, Inc.). Membranes were blocked for 2 h in 5% dried milk at room temperature, and washed in Tris-buffered saline with Tween-20 (TBST) three times for 10 min each time. Membranes were incubated overnight at 4°C with primary antibodies as follows: rabbit polyclonal CXCR4 (1:200; Abcam; cat. no. ab74012), SDF-1α (1:200; Yuan Mu Biotechnology Co., Ltd., Shanghai, China; cat. no YM-XQ4938P); p-AKT (1:200; Abcam; cat. no. ab38449); AKT (1:200; Abcam; cat. no. ab79360); p-ERK1/2 (1:200; Santa Cruz Biotechnology, Inc.; cat. no. sc-101760); ERK1/2 (1:200; Santa Cruz Biotechnology, Inc.; cat. no. sc-292838); mouse monoclonal β-actin (1:200; Abcam; cat. no. ab6276). Membranes were washed with TBST three times for 10 min each time, and incubated for 1 h at room temperature with polyclonal HRP-conjugated goat anti-rabbit IgG (1:1,000; GenScript Co., Ltd., Nanjing, China; cat. no. A00098) and polyclonal HRP-conjugated goat anti-mouse IgG (1:1,000; Wuhan Boster Biological Technology, Ltd., Wuhan, China; cat. no. BA1050) secondary antibodies. Following three further washes in TBST, for 10 min each time, membranes that contained the relevant protein bands were observed by enhanced chemiluminescence using the BeyoECL Plus hypersensitive ECL chemiluminescence kit (Beyotime Institute of Biotechnology, Nanjing, China). Images were captured and analyzed.

UMR-106 osteosarcoma xenograft mouse model
------------------------------------------

The mouse model of osteosarcoma was established using a previously described method ([@b33-mmr-14-01-0057]). Male nude mice were anesthetized by intraperitoneal injection of 1% sodium pentobarbital (70 mg/kg) and inoculated with UMR-106 cells (2×10^5^/20 *µ*l) in the left hind leg tibial plateau. Intra-tumor multipoint local injections were administered when the tumors grew to \~0.5×0.5 cm. In the negative control group (n=6), tumors were injected with normal saline in a total volume of 200 *µ*l, once a day. For the low, moderate and high melittin groups (n=6/group), mice received a local injection of 160, 320 and 640 *µ*g/kg melittin, respectively, once a day, for 5 days. The mice were treated for two 5-day periods with one day between the two periods. Following each injection, the major and minor axes of the tumors were measured. The size of the tumors was calculated using the following formula: Tumor volume (mm^3^) = major axis × minor axis^2^/2 ([@b34-mmr-14-01-0057]). Mice were sacrificed on the day after the second period of treatment.

Immunofluorescence staining for CD34 and CD133
----------------------------------------------

Mouse tumor tissue samples were fixed in 10% neutralized formalin (Haoran Biotechnology Co., Ltd.), dehydrated, embedded in paraffin and sliced into 4-*µ*m sections. The sections were dewaxed, endogenous peroxidase was neutralized with 3% H~2~O~2~ and antigen retrieval was performed by incubating the sections in 0.01 M citrate buffer (pH 6.0; Labest Biotechnology Co., Ltd.) for 40 min at 92°C, and in normal goat serum (Wuhan Amyjet Scientific Co., Ltd., Wuhan, China) for 20 min at 37°C. The sections were incubated with rabbit polyclonal CD34 (1:100; Abcam; cat. no. ab185732), rabbit polyclonal CD133 (1:100; Otwo Biotech Co., Ltd., Shenzhen, China; cat. no. 251149), FITC-conjugated goat anti-rabbit IgG (1:500; Walan Biotechnology Co., Ltd., Shanghai, China; cat. no. AS011) and Cy3-conjugated goat anti-rabbit IgG (1:500; Sanying Biotechnology Co., Ltd., Wuhan, China; cat. no. 00009-2) in the dark, at 37°C for 30 min. Sections were washed 3 times in PBS, glycerophosphoric acid buffer solution (Labest Biotechnology Co., Ltd.) was added, and observed under IX70 inverted fluorescence microscope (Olympus Corporation). The double-positive area was quantified as the percentage of the total area using Image Pro Plus software, version 5.0 (Media Cybernetics, Inc., Rockville, MD, USA). The quantity of EPCs was evaluated.

Immunohistochemical detection of CXCR4, SDF-1α and microvessel density (MVD)
----------------------------------------------------------------------------

Expression levels of CD105, CXCR4 and SDF-1α were detected by immunohistochemistry. Sections were dewaxed, endogenous peroxidase was neutralized with 3% H~2~O~2~ and antigen retrieval was conducted by incubating the sections in 0.01 M citrate buffer (pH 6.0) for 40 min at 92°C, and in normal goat serum for 20 min at 37°C. Sections were incubated with rabbit polyclonal CD105 (1:200; Abcam; cat. no. ab107595), rabbit polyclonal CXCR4 (1:200) and rabbit polyclonal SDF-1α (1:200) overnight at 4°C. The sections were washed 3 times in PBS and incubated with polyclonal HRP-conjugated goat anti-rabbit IgG (1:1,000) secondary antibody at 37°C. Sections were revealed by 3,3′-diaminobenzadine (DAB) (Haoran Biotechnology Co., Ltd.), counterstained with hematoxylin (Haoran Biotechnology Co., Ltd.), dehydrated and mounted with neutral balsam (Noble Ryder Beijing Science and Technology Co., Ltd., Beijing, China). The positive areas were quantified as the percentage of the total area using Image Pro Plus 5.0. A negative control was obtained using PBS rather than a primary antibody.

MVD
---

MVD was assessed by immunohistochemistry according to the method by Weidner *et al* ([@b35-mmr-14-01-0057]) using CD105-positive cells. Each EPC or cluster of EPCs that could be separated from surrounding vessels, tumor cells and other connective tissues were counted as a single capillary. As long as the microvascular structure was not continuous, the branch structure was also counted as a vessel. Capillaries were not assessed according to the presence of erythrocytes or by the presence of a lumen. Capillaries with a lumen area \>8 erythrocytes in diameter and with a thick muscular layer were not counted, furthermore, capillaries in fibrotic areas and in areas with scarce tumor cells were not counted. The five areas with the highest MVD were photographed under an inverted optical microscope (magnification, ×400). MVD was evaluated by two independent observers blinded to the experimental conditions. The average value of the five areas (mean ± standard deviation) was taken as the MVD value of the tumor.

Statistical analysis
--------------------

Continuous data are presented as means ± standard deviation from three independent experiments. One-way analysis of variance was conducted with the least significant difference for post hoc tests. SPSS 15.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

EPCs were successfully isolated
-------------------------------

As presented in [Fig. 1](#f1-mmr-14-01-0057){ref-type="fig"}, cells with a green fluorescence signal are CD34-positive cells, and cells with a red fluorescence signal are CD133-positive cells. The merge indicates the CD34/CD133 double-positive cells, which demonstrate the EPCs ([@b31-mmr-14-01-0057],[@b32-mmr-14-01-0057]).

Melittin decreases the viability of UMR-106 cells and EPCs
----------------------------------------------------------

[Fig. 2](#f2-mmr-14-01-0057){ref-type="fig"} demonstrates that melittin decreased the viability of UMR-106 cells and EPCs in a dose-dependent manner. The half maximal inhibitory concentration (IC~50~) values for UMR-106 cells and EPCs were 6.33 and 4.51 *µ*g/ml, respectively.

SDF-1α increases EPCs adhesion, which is decreased by melittin
--------------------------------------------------------------

[Fig. 3A](#f3-mmr-14-01-0057){ref-type="fig"} indicates that melittin decreased the adherence of EPCs, which was facilitated by SDF-1α. The number of adherent cells was 620.8±19.6 in the control, 900.6±16.2 in cells treated with 10 ng/ml SDF-1α (P\<0.01 vs. control), 532.4±5.6 in cells treated with 1 *µ*g/ml melittin + 10 ng/ml SDF-1α (P\<0.001 vs. SDF-1α) and 270.2±1.5 in cells treated with 3 *µ*g/ml melittin + 10 ng/ml SDF-1α (P\<0.001 vs. control; P\<0.001 vs. SDF-1α).

SDF-1α increases EPCs migration, which is decreased by melittin
---------------------------------------------------------------

[Fig. 3B](#f3-mmr-14-01-0057){ref-type="fig"} demonstrates that melittin decreased the number of migrating EPCs, which was facilitated by SDF-1α. The number of cells that had migrated was 4.8±6.4 in the control, 51.5±3.5 in cells treated with 10 ng/ml SDF-1α (P\<0.001 vs. control), 34.1±3.0 in cells treated with 1 *µ*g/ml melittin + 10 ng/ml SDF-1α (P\<0.05 vs. the control; P\<0.05 vs. SDF-1α) and 15.7±1.8 in cells treated with 3 *µ*g/ml melittin + 10 ng/ml SDF-1α (P\<0.05 vs. control; P\<0.05 vs. SDF-1α).

SDF-1α increases EPCs tube formation, which is decreased by melittin
--------------------------------------------------------------------

[Fig. 4](#f4-mmr-14-01-0057){ref-type="fig"} indicates that melittin decreased the tube forming ability of EPCs, which was facilitated by SDF-1α. The area of the tubes was 33,806±1,703 *µ*m^2^/field in the control, 87,504±2,102 *µ*m^2^/field in cells treated with 10 ng/ml SDF-1α (P\<0.001 vs. control), 58,401±4,857 *µ*m^2^/field in cells treated with 1 *µ*g/ml melittin + 10 ng/ml SDF-1α (P\<0.01 vs. control; P\<0.01 vs. SDF-1α) and 30,165±3,430 in cells treated with 3 *µ*g/ml melittin + 10 ng/ml SDF-1α (P\<0.001 vs. SDF-1α).

Melittin decreased the protein expression levels of p-AKT, p-ERK1/2, SDF-1α and CDCR4 in the UMR-106 cells and EPCs
-------------------------------------------------------------------------------------------------------------------

[Fig. 5](#f5-mmr-14-01-0057){ref-type="fig"} presents the western blots of CXCR4, SDF-1α, p-AKT, AKT, p-ERK1/2, and ERK1/2 expression in UMR-106 cells and EPCs following treatment with SDF-1α and melittin. Compared with the control, melittin decreased the expression of p-AKT, p-ERK1/2, SDF-1α and CXCR4 in UMR-106 cells and EPCs.

Melittin decreases the proportion of CD34/CD133 cells in an osteosarcoma xenograft mouse model
----------------------------------------------------------------------------------------------

A mouse model of osteosarcoma was established using UMR-106 cells and tumors were injected with various doses of melittin. Intra-tumor EPCs were detected by immunofluorescence ([Fig. 6](#f6-mmr-14-01-0057){ref-type="fig"}). The proportion of CD34/CD133 double-positive cells was 16.4±10.4% in the control, 7.0±4.4% in tumors treated with 160 *µ*g/kg melittin per day (P\<0.01 vs. control), 2.9±1.2% in tumors treated with 320 *µ*g/kg melittin per day (P\<0.001 vs. control and P\<0.05 vs. 160 *µ*g/kg melittin), and 1.3±0.3% in tumors treated with 640 *µ*g/kg melittin per day (P\<0.001 vs. control, P\<0.01 vs. 160 *µ*g/kg melittin, and P\<0.05 vs. 320 *µ*g/kg melittin).

Melittin decreases tumor size in vivo
-------------------------------------

[Fig. 7](#f7-mmr-14-01-0057){ref-type="fig"} demonstrates that melittin decreased osteosarcoma growth. Curves began to separate at 7 days following onset of treatment. At 11 days, the three doses of melittin resulted in smaller tumors compared with the control (control, 4.8±1.3 cm^3^; 160 *µ*g/kg melittin, 3.2±0.6 cm^3^; 320 *µ*g/kg melittin, 2.6±0.5 cm^3^; and 640 *µ*g/kg melittin, 2.0±0.2 cm^3^; all P\<0.05 vs. the control).

Melittin decreases MDV, CXCR4 and SDF-1α protein expression levels
------------------------------------------------------------------

CD105 immunohistochemistry was performed to determine MVD. [Fig. 8](#f8-mmr-14-01-0057){ref-type="fig"} indicates that MVD decreased with melittin administration in a dose-dependent manner (control, 56.2±12.8; 160 *µ*g/kg melittin, 35.0±5.5; 320 *µ*g/kg melittin, 26.7±5.5; and 640 *µ*g/kg melittin, 13.2±3.5 cm^3^; all P\<0.05 vs. control).

[Fig. 8](#f8-mmr-14-01-0057){ref-type="fig"} indicates that SDF-1α expression decreased with melittin in a dose-dependent manner (control, 80.7±9.5; 160 *µ*g/kg melittin, 65.2±4.0; 320 *µ*g/kg melittin, 55.3±4.6; and 640 *µ*g/kg melittin, 17.3±3.7; all P\<0.05 vs. control).

CXCR4 expression levels decreased with melittin in a dose-dependent manner (control, 33.6±3.3; 160 *µ*g/kg melittin, 27.9±3.6; 320 *µ*g/kg melittin, 19.7±3.1; and 640 *µ*g/kg melittin, 14.4±2.9; all P\<0.05 vs. control; [Fig. 8](#f8-mmr-14-01-0057){ref-type="fig"}).

Discussion
==========

EPCs are important in tumor angiogenesis, SDF-1α and its receptor, CXCR4, are key in stem cell homing, and melittin (a component of bee venom) exerts antitumor activity, although its underlying mechanisms remain unknown. Furthermore, osteosarcomas maintain a tumor microenvironment, which stimulates angiogenesis ([@b12-mmr-14-01-0057]). Therefore, the aim of the present study was to examine the effects of melittin on EPCs and angiogenesis, and investigate the underlying mechanisms of these effects.

Melittin exposure decreased the viability of UMR-106 cells and EPCs, with IC~50~ values of 6.33 and 4.51 *µ*g/ml, respectively. Furthermore, melittin decreased EPC adhesion, migration and tube formation when compared with the control and SDF-1α-treated cells. Compared with the control. In addition, the expression levels of p-AKT, p-ERK1/2, SDF-1α and CXCR4 in UMR-106 cells and EPCs were decreased by melittin administration. The proportions of CD34/CD133 double-positive cells were 16.4±10.4% in the control cells, and 7.0±4.4, 2.9±1.2 and 1.3±0.3% in tumors treated with 160, 320 and 640 *µ*g/kg melittin per day, respectively (all P\<0.05). At 11 days, melittin reduced the tumor size compared with the control (control, 4.8±1.3 cm^3^; melittin, 3.2±0.6, 2.6±0.5, and 2.0±0.2 cm^3^ for 160, 320 and 640 *µ*g/kg, respectively; all P\<0.05). Furthermore, melittin decreased MVD, and SDF-1α and CXCR4 protein expression levels in tumor tissue samples.

EPCs migrate to tumor tissues and are involved in tumor angiogenesis; thus they present as a potential target in treatment strategies against tumor angiogenesis. Numerous stages of the process could be targeted, such as EPC mobilization, recruitment and/or differentiation. As osteosarcomas are tumors that actively promote angiogenesis ([@b12-mmr-14-01-0057]), EPC targeting may provide a novel approach for osteosarcoma therapy ([@b36-mmr-14-01-0057]).

EPCs are pluripotent stem cells, which have the potential to differentiate into mature endothelial cells ([@b37-mmr-14-01-0057]). However, the exact role of the SDF-1α/CXCR4 signaling pathway in EPC-mediated angiogenesis in osteosarcomas remains unclear. In the present study, melittin significantly inhibited the angiogenesis ability of EPCs, which is induced by SDF-1α. The present study demonstrates that this inhibition is mediated by the melittin-induced inhibition of AKT and ERK1/2 phosphorylation. Therefore, the results suggest that melittin inhibits angiogenesis in EPCs via inhibiting the SDF-1α/CXCR4 signaling pathway. Results from the *in vivo* experiment further suggest that melittin may be administered to control the growth of osteosarcomas. The local injection approach decreased the likelihood of inducing a systemic reaction. In addition, previous studies have indicated that melittin exerts certain beneficial effects against cancer, such as decreased tumor invasion and decreased expression of proteins involved in tumor progression and invasion ([@b38-mmr-14-01-0057],[@b39-mmr-14-01-0057]).

As with white blood cell homing to inflammatory tissues, EPC homing to tumors is dependent on SDF-1α and its receptor, CXCR4. The activation of the SDF-1α/CXCR4 signaling pathway is important in EPC migration and angiogenesis in tumors ([@b19-mmr-14-01-0057]). The activation of CXCR4 by SDF-1α stimulates various downstream signaling pathways, such as phosphoinositide 3-kinase (PI3K)/AKT and mitogen-activated protein kinase/ERK1/2 ([@b40-mmr-14-01-0057]--[@b43-mmr-14-01-0057]). EPC homing and migration are improved by the upregulation of CXCR4 ([@b44-mmr-14-01-0057]), as well as by the improvement of signaling pathways that are mediated by CXCR4 ([@b45-mmr-14-01-0057]). Furthermore, tumor and stromal cells are the predominant source of SDF-1α in the tumor microenvironment ([@b46-mmr-14-01-0057]).

CXCR4 is expressed on EPCs ([@b47-mmr-14-01-0057],[@b48-mmr-14-01-0057]) and directs the cells toward tumors to induce angiogenesis ([@b49-mmr-14-01-0057]). In addition, CXCR4 has been involved in osteosarcoma growth and metastases ([@b50-mmr-14-01-0057],[@b51-mmr-14-01-0057]). The present study indicated that melittin may decrease the levels of p-AKT and ERK1/2 via reduced expression of CXCR4 on EPCs. A previous study demonstrated that melittin inhibits the PI3K/AKT/mechanistic target of rapamycin signaling pathway in breast cancer cells ([@b52-mmr-14-01-0057]). However, further studies are required to elucidate the precise mechanisms involved.

In the present study, *in vivo* experiments demonstrated that melittin may reduce the number of CD34/CD133 double-positive cells in a mouse tibial tumor *in situ*. CD34/CD133 double-positive cells are considered to be EPCs ([@b53-mmr-14-01-0057]). The melittin-treated tumors were also observed to have a lower MVD when compared with that of the controls. MVD is assessed using CD105, which is a vascular endothelial cell proliferation marker ([@b54-mmr-14-01-0057]). CD105 is more effective than other endothelial cell markers (such as CD31 CD34, factor VIII-related antigen) as it is expressed only in the vascular endothelial cells of tumor tissues and not in the vessels of healthy tissues ([@b55-mmr-14-01-0057]). This characteristic allows only the angiogenesis process in tumors to be assessed. The present study demonstrated that melittin may effectively reduce osteosarcoma-induced angiogenesis.

There were certain limitations of the present study. It was performed in animals and further studies in animals are required prior to eventual clinical trials. In addition, the present study was not designed to determine the exact mechanisms underlying EPC-modulated angiogenesis in osteosarcoma. However, the current study may aid in the design of novel studies to address this issue.

In conclusion, the present study demonstrates that the SDF-1α/CXCR4 signaling pathway is important in EPC-modulated tumor angiogenesis. Melittin decreased EPC viability, migration and tube formation, and decreased the expression levels of p-AKT and ERK1/2. Further studies are required to assess the effects of melittin on angiogenesis modulated by EPCs in osteosarcoma.

The present study was supported by the National Natural Science Foundation of China (grant no. 30873275).
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![Effects of melittin on the viability of UMR-106 cells and EPCs. UMR-106 cells and EPCs were treated with 0, 1, 2, 4, 8 and 16 *µ*g/ml melittin for 48 h. Cell viability was determined by MTT. Data are presented as the mean ± standard deviation. ^\*^P\<0.05 vs. control. EPC, endothelial progenitor cell.](MMR-14-01-0057-g01){#f2-mmr-14-01-0057}

![Effects of SDF-1α and melittin on EPC adhesion and migration. EPCs were divided into four groups: Control (untreated), 10 ng/ml SDF-1α, 1 *µ*g/ml melittin + 10 ng/ml SDF-1α, and 3 *µ*g/ml melittin + 10 ng/ml SDF-1α. (A) Following 2 h of treatment, adhesion of EPCs was determined (magnification, ×100). (B) Following 6 h of treatment, migration of EPCs was determined by Transwell migration assay (magnification, ×200). Data are presented as means ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. controls; ^\#^P\<0.05, ^\#\#\#^P\<0.001 vs. SDF-1α. SDF-1α, stromal cell-derived factor-1α; EPC, endothelial progenitor cell.](MMR-14-01-0057-g02){#f3-mmr-14-01-0057}

![Effect of SDF-1α and melittin on EPC tube formation ability. EPCs were divided into four groups: Control (untreated), 10 ng/ml SDF-1α, 1 *µ*g/ml melittin + 10 ng/ml SDF-1α, and 3 *µ*g/ml melittin + 10 ng/ml SDF-1α. Following 23 h of treatment, tube formation was determined (magnification, ×100). Data are presented as means ± standard deviation. ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. controls; ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 vs. SDF-1α. SDF-1α, stromal cell-derived factor-1α; EPC, endothelial progenitor cell.](MMR-14-01-0057-g03){#f4-mmr-14-01-0057}

![Effects of SDF-1α and melittin on the expressions of p-AKT, AKT, p-ERK1/2, ERK1/2, SDF-1α, CXCR4 in UMR-106 cells and EPCs. Protein expression was determined by western blot analysis and β-actin served as an internal control. SDF-1α, stromal cell-derived factor-1α; EPC, endothelial progenitor cell; p, phosphorylated; ERK, extracellular signal-regulated kinase; CXCR4, C-X-C chemokine receptor type 4.](MMR-14-01-0057-g04){#f5-mmr-14-01-0057}

![Effects of melittin on the proportion of CD34/CD133 double-positive cells in the mouse model of UMR 106 osteosarcoma. Intra-tumor multipoint local injections were administered when the tumors grew to \~0.5×0.5 cm. For the NC group, tumors were treated with a local injection of normal saline (total volume, 200 *µ*l) once a day. Tumors were treated with local injections of 160, 320 or 640 *µ*g/kg melittin, once a day, for a treatment period of 5 days. Mice were treated for two 5-day periods, with one day between the two periods. CD34 (green, FITC) and CD133 (red, Cy3) expression in the tumor tissue samples was detected using fluorescence microscopy (magnification, ×100). The proportions of CD34/CD133 double-positive cells are presented as means ± standard deviation (n=6/group). ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. NC; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. 160 *µ*g/kg melittin; ^△^P\<0.05 vs. 320 *µ*g/kg melittin. CD, cluster of differentiation; NC, negative control; FITC, fluorescein isothiocyanate; Cy3, cyanine 3.](MMR-14-01-0057-g05){#f6-mmr-14-01-0057}

![Effects of melittin on tumor volume in the UMR-106 osteosarcoma-bearing mouse model. (A) Gross appearance of tumors harvested from the mice. (B) Tumor volume was determined every other day from the first administration of melittin, and presented as means ± standard deviation (n=6/group). ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 vs. controls.](MMR-14-01-0057-g06){#f7-mmr-14-01-0057}

![Effect of melittin on CD105, SDF-1α and CXCR4 protein expression levels in the tumors of the UMR-106 osteosarcoma xenograft mouse model. CD105, SDF-1α and CXCR4 protein expression levels were determined by immunohistochemistry. CD105 was used to assess MVD (magnification, ×400). Positive cells are represented by red arrows. Data are presented as the mean ± standard deviation (n=5/group). ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. the negative control; ^\#^P\<0.05 vs. 160 *µ*g/kg melittin; ^△^P\<0.05 vs. 320 *µ*g/kg melittin. CD, cluster of differentiation; SDF-1α, stromal cell-derived factor-1α; CXCR4, C-X-C chemo-kine receptor type 4; MVD, microvessel density (number of microvessels/field).](MMR-14-01-0057-g07){#f8-mmr-14-01-0057}
